Seventy-one isolines of
Anopheles (Anopheles) barbirostris belongs to the Barbirostris Subgroup of the Myzorhynchus Series and is widely distributed in Thailand and Southeast Asia (Reid 1968 , Scanlon et al. 1968 , Harrison 1980 , Harbach 2004 , Rattanarithikul et al. 2006 . Normally, An. barbirostris and the closely related species, Anopheles campestris, can cause problems in species identification because of their similarity in external morphology. Accordingly, An. barbirostris was formerly considered a suspected vector of malaria and/or filariasis in Thailand (Iyengar 1953 , Griffith 1955 , while it has been incriminated as a natural vector of Plasmodium vivax and Brugia malayi, the causative agent of filariasis, in Indonesia (Atomosoedjono et al. 1976 , Kirnowardoyo 1985 . Recently, mosquitoes of the anthropophilic An. barbirostris/campestris complex were incriminated as potential natural vectors of P. vivax in the Aranyaprathet district, Sa Kaeo province (Limrat et al. 2001) . Mosquitoes of this complex have played an important role in increasing cases of P. vivax infection in Thailand (Sattabongkot et al. 2004) . Recent morphological, cytological, hybridization and molecular analysis have revealed that An. campestris-like and An. barbirostris are distinct species (Saeung et al. 2007) . Furthermore, similar studies have shown that An. barbirostris s.l. is a cryptic species consisting of at least four sibling species, i.e., A1, A2, A3 (Saeung et al. 2008) and A4 (Suwannamit et al. 2009 ). The An. barbirostris species complex exhibited karyotypic variation due to different amounts of extra heterochromatin in the sex chromosomes. Likewise, our previous observations indicated that An. campestris-like had at least two karyotypic forms, i.e., Forms B (X 2 , Y 2 ) and E (X 2 , Y 5 ) (Saeung et al. 2007 ). Thus, it has been suggested that the acquisition of extra block(s) of heterochromatin played an important role in the chromosomal evolution of Oriental Anopheles (Baimai 1998) . The crossing experiments between isolines of An. campestris-like Forms B and E showed no post-mating reproductive isolation. Comparative studies of nucleotide sequences of rDNA of ITS2 and mtDNA of COI and COII, among the isolines of An. campestris-like Forms B and E, revealed nearly identical and/or very low intraspecific variation (genetic distance < 0.005) (Saeung et al. 2007 ). Thus, crossing and molecular evidence support the conspecific relationships of the karyotypic forms of An. campestris-like mosquitoes.
This paper describes a new karyotypic form of An. campestris-like. We also present the results of crossing experiments and comparative DNA sequencing of the ITS2, COI and COII regions of the three karyotypic forms of An. campestris-like in Thailand.
MATERIALS AND METHODS
Field collections and establishment of isoline colonies -Wild-caught, fully engorged female mosquitoes of An. campestris-like were collected from human-baited and buffalo-baited traps during September 2006-December 2007 at 12 localities in Thailand (Fig. 1, Table I ). A total of 71 isolines were successfully established and maintained in our insectary using the techniques described by Choochote et al. (1983) and Kim et al. (2003) . These isolines were used for studies on metaphase karyotype, crossing experiments and molecular analysis.
Metaphase karyotype -Metaphase chromosomes were prepared from 10 samples of the early fourth-instar larval brains of F 1 and/or F 2 -progenies of each isoline using the techniques previously described by Saeung et al. (2007 Saeung et al. ( , 2008 . Identification of karyotypic forms followed the cytotaxonomic key of Baimai et al. (1995) .
Crossing experiments -The 12 laboratory-raised isolines of An. campestris-like were arbitrarily selected from the 30 isoline colonies as representatives of the three karyotypic forms, i.e., Form B (AKpB1), Form E (HCE6, AKkE4, AMkE1, AMsE3, HSkE3, ACpE6) and Form F (AUdF5, ACiF1, AAyF2, HCtF4, APkF1) (Table  II) . These isolines were used for crossing experiments, in order to determine post-mating reproductive isolation by employing the techniques previously reported by Saeung et al. (2007 Saeung et al. ( , 2008 .
DNA extraction, amplification and sequencing -Individual feral and/or F 1 -progeny adult females of each isoline were used for DNA extraction and amplification. Genomic DNA was extracted from a whole adult mosquito using a DNeasy ® Blood & Tissue Kit (Qiagen) according to the manufacturer's instructions. The amplification was done with primers and conditions, as described previously (Saeung et al. 2007 (Saeung et al. , 2008 . The rDNA ITS2, COI and COII regions were amplified by polymerase chain reaction (PCR) using the following primers: ITS2A, 5' -TGTGAACTGCAGGACACAT-3' and ITS2B, 5' -TATGCTTAAATTCAGGGGGT-3' for rDNA ITS2; LCO1490 (f), 5' -GGTCAACAAATCATAAA-GATATTGG-3' and HCO2198 (r), 5' -TAAACTTCAG-GGTGACCAAAAAATCA-3' for COI; and LEU (f), 5' -TCTAATATGGCAGATTAGTGCA-3' and LYS (r), 5' -ACTTGCTTTCAGTCATCTAATG-3' for COII. PCR was carried out using 20 µL volumes containing 0.5 units of Ex Taq (Takara), 1X Ex Taq buffer, 2 mM of MgCl 2 , 0.2 mM of each dNTP, 0.25 µM of each primer and 1 µL of the extracted DNA. The amplified products were electrophorised through a 1% agarose gel. PCR products of ITS2 were gel purified with the QIAquick ® Gel Extraction Kit (Qiagen) and cloned into pCR2.1 -TOPO (Invitrogen). Sequences of several clones from each isoline were determined. PCR products of COI and COII were purified with the QIAquick ® PCR Purification Kit (Qiagen) and directly sequenced. Sequencing reactions were performed using the BigDye ® Terminator Cycle Sequencing Kit and run on a 3130 Genetic Analyzer (Applied Biosystems). The sequence data of this paper have been deposited in the DDBJ/EMBL/GenBank nucleotide sequence database under accession numbers AB436074-AB436157 (Table I) .
DNA sequence and phylogenetic analysis -For the ITS2 DNA region, three individual clones from each isoline were sequenced and aligned using the CLUSTALW multiple alignment program (Thompson et al. 1994) . Gap sites were excluded from the following analysis. Genetic distances were estimated using the Kimura two-parameter method (Kimura 1980) . Construction of neighbour-joining trees (Saitou & Nei 1987) and the bootstrap test, with 1,000 replications, were conducted using the MEGA version 4.0 program (Tamura et al. 2007 ) from the individual sequence of each isoline for all three DNA regions. The bootstrapping values, as percentages, are indicated above the branches of the tree. For the phylogenetic trees of COI and COII, Anopheles gambiae and Anopheles pullus were used as outgroups (NC_002084, AY444349, AY444350). The phylogenetic tree of ITS2 was constructed as an unrooted tree because an outgroup with easily aligned ITS2 was not available. The published data of An. campestris-like and An. barbirostris described by Saeung et al. (2007 Saeung et al. ( , 2008 were also used for phylogenetic analysis. 2-VI branches, which is in the range of topotypic An. campestris (17-58 branches). Cytogenetic observations of F 1 and/or F 2 -progenies of these isolines demonstrated three forms of metaphase karyotypes, i.e., Forms B (X 2 , Y 2 ), E (X 1 , X 2 , X 3 ,Y 5 ) and F (X 2 , X 3 , Y 6 ) (Fig. 2) . Form B has been detected only in Chiang Mai and Kamphaeng Phet. However, Forms E and F have been encountered in sympatry in most populations throughout Thailand (Fig.  1 , Table I ). Interestingly, the three karyotypic forms have been found in the mosquitoes collected from both 
RESULTS

Morphological and karyotypic characters -
a: code of isoline: A: animal bait; H: human bait; b: used in crossing experiments.
human-baits and animal-baits. Thus, it seems that there is no preferential host for these karyotypic forms.
The new metaphase karyotype, Form F, had submetacentric X 2 and X 3 chromosomes resembling those of Forms B and E. Nevertheless, the Y 6 chromosome had a large subtelocentric shape, which was quite different from the submetacentric Y 2 and the small metacentric Y 5 chromosomes of Forms B and E, respectively (Fig. 2) .
Crossing experiments -Details of hatchability, pupation, emergence and adult sex-ratio of parental, reciprocal and F 1 -hybrid crosses among the 12 isolines of An. campestris-like Forms B, E and F are shown in Table II . All crosses yielded viable progeny through F 2 generations. No evidence of genetic incompatibility and/or post-mating reproductive isolation was observed among these crosses.
DNA sequences and phylogenetic analysis -DNA sequences were determined and analyzed for the ITS2, COI and COII regions of the 30 isolines of An. campestrislike Forms B, E and F. They all showed the same length for the ITS2 (1,651 bp), COI (658 bp) and COII (685 bp). The length of the three DNA regions of An. campestrislike Forms B and E obtained in this study agreed with that of the previous report (Saeung et al. 2007 ). Form F also showed no difference in length of the three DNA regions. To reveal the evolutionary relationship among the three karyotypic forms, neighbour-joining trees were constructed (Figs 3-5) . Obviously, the average genetic distances within and between the three karyotypic forms of An. campestris-like exhibited no significant differences (0.001-0.004) in the three DNA regions (Table III) . Hence, the 30 isolines were placed within a cluster of An. campestris-like. However, the trees for ITS2, COI and COII of these isolines of An. campestris-like Forms B, E and F were clearly different from those of the four sibling species of the An. barbirostris complex with strongly supported bootstrap probabilities (95-100%) (Figs 3-5) .
DISCUSSION
Comparative studies on metaphase chromosomes of anopheline mosquitoes in Thailand revealed at least three karyotypic forms in An. barbirostris s.l., i.e., Forms A (X 2 , X 3 , Y 1 ), B (X 1 , X 2 , X 3 , Y 2 ) and C (X 2 , X 3 , Y 3 ) and one karyotypic form in An. campestris s.l. (X, Y) (Baimai et al. 1995) . Recently, Saeung et al. (2007) reported two and three karyotypic forms of An. campestris-like and the An. barbirostris species complex, respectively. Moreover, the two karyotypic forms of An. campestrislike were detected in Chiang Mai, i.e., Forms B (X 2 , Fig. 3 : a phylogenetic trees of Anopheles campestris-like Forms B, E and F (CAM) and Anopheles barbirostris species A1, A2, A3 and A4 based on molecular analysis of ITS2 sequences. The tree was generated by neighbor-joining analysis. Numbers on the nodes indicate probabilities based on 1,000 bootstrap replicates. A probability of more than 50% is shown. Branch lengths are proportional to genetic distance (scale bar). based on molecular analysis of COII sequences. The tree was generated by neighbor-joining analysis. Numbers on the nodes indicate probabilities based on 1,000 bootstrap replicates. A probability of more than 50% is shown. Branch lengths are proportional to genetic distance (scale bar).
Fig. 4: a phylogenetic trees of Anopheles campestris-like Forms B, E and F (CAM) and
Anopheles barbirostris species A1, A2, A3 and A4 based on molecular analysis of COI sequences. The tree was generated by neighbor-joining analysis. Numbers on the nodes indicate probabilities based on 1,000 bootstrap replicates. A probability of more than 50% is shown. Branch lengths are proportional to genetic distance (scale bar).
Y 2 ) and E (X 2 , Y 5 ). The X 2 , X 3 , Y 6 chromosomes of An. campestris-like were new discoveries in this study. Particularly, the Y 6 chromosome was obviously different from the Y 2 and Y 5 chromosomes of An. campestris-like Forms B and E that were previously described.
Hybridization experiments for determining hybrid non-viability, sterility or breakdown are still useful criteria for biological species. Further, genetic incompatibility, including lack of insemination, embryonation, hatchability, larval survival, pupation, emergence, adult sex distortion, abnormal morphology and reproductive system are useful information to elucidate sibling species complexes in the Oriental Anopheles (Kanda et al. 1981 , Baimai et al. 1987 , Subbarao 1998 . Nonetheless, a point worth noting is that an isoline colony established from the combinative characters of morphological, cytological (polytene and mitotic chromosomes) and/ or molecular markers must be seriously considered. A laboratory-raised colony established from a naturally mixed population should be omitted because it may be a mixture of cryptic species or sibling species (Subbarao 1998) . Despite the differences in metaphase karyotypes of An. campestris-like Forms B, E and F, either from sympatric or allopatric populations, the present studies revealed no post-mating reproductive isolation among the three karyotypic forms. This is in contrast to the case of the An. barbirostris complex in which all four sibling species exhibited distinct metaphase karyotypes, particularly the sex chromosomes (Saeung et al. 2008 , Suwannamit et al. 2009 ). Molecular investigations of some specific genomic markers, e.g., rDNA (ITS1, ITS2, D3) and mtDNA (COI and COII) have been used extensively as a supportive tool to determine and/or characterise sibling species or cryptic species of anopheline mosquitoes (Mitchell et al. 1992 , Sharpe et al. 2000 , Min et al. 2002 , Junkum et al. 2005 , Saeung et al. 2007 , 2008 . The molecular evidence of very low intraspecies variation (genetic distance < 0.005) of ITS2 of rDNA and COI and COII of mtDNA among the 30 isolines of An. campestris-like Forms B, E and F strongly supports a conspecific nature of these karyotypic forms. Therefore, we can confidently conclude that An. campestris-like Forms B, E and F represent intraspecies karyotypic variation due to the gain of heterochromatin in sex chromosomes in Thai populations. Similar results have been reported in other Asian anopheline mosquitoes, e.g., Anopheles sinensis Forms A and B (Choochote et al. 1998 , Min et al. 2002 , Anopheles vagus Forms A and B , An. pullus Forms A and B , Anopheles aconitus Forms B and C (Junkum et al. 2005) and South American anopheline mosquitoes, e.g., Anopheles darlingi and Anopheles nuneztovari (Rafael & Tadei 1998 and Anopheles albitarsis (Rafael et al. 2005) . Such heterochromatin variation in sex chromosomes is a general phenomenon in Anopheles and some dipteran insects (Baimai 1998) . Moreover, the results in phylogenetic analysis based on the rDNA ITS2 sequences clearly support previous findings, suggesting that An. campestris-like is more closely related to An. barbirostris species A4 than to species A1, A2 and A3 (Suwannamit et al. 2009 ). In this study, the genetic distances between An. campestris-like and An. barbirostris species A2 are close to those between An. campestris-like and An. barbirostris species A4. Therefore, our study suggested that An. campestris-like is more closely related to An. barbirostris species A2 and A4 than to species A1 and A3 for COI and COII. Additionally, the crossing experiments also supported molecular evidence because the reciprocal crosses between An. campestris-like Form E and An. barbirostris species A4 yielded F 1 -hybrids in both directions, with lower degrees of asynaptic polytene chromosomes than those for the crosses A1 x A4, A2 x A4 and A3 x A4 (Suwannamit et al. 2009 ). Further detailed investigation of population biology for these sibling species may shed some light on speciation processes of these anopheline mosquitoes in Thailand. 
